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Abstract

:

The complexity and variability of ocean waves make wave energy harvesting very challenging. Previous research has indicated that wave energy was mainly generated and transferred by wind, but the detailed correlation between wind and wave energy has not been discovered. Wave energy in the Gulf of Mexico (GoM) has high variability with distinct seasonal behavior. However, the underlying reasons for this unique behavior have not been discussed and discovered yet. In this paper, a computer animation-based dynamic visualization method was created to conduct exploratory and explanatory analyses of 36 years of meteorological data in the GoM from the WaveWatch III system to identify preliminary patterns and underlying reasons for the unique behavior of wave energy in the GoM. These preliminary patterns and underlying reasons were further analyzed using Energy Events and Breaks concepts. During both high and low levels wave energy periods, the detailed correlation between wave energy and the wind was analyzed and determined. High level wave power in the GoM was mainly generated by the local inland wind from northern weather patterns, while low level wave power was mainly generated by swells from the Caribbean and the Atlantic oceans, which entered the GoM through the two narrow pathways, the Straits of Yucatan and the Florida Straits. The results from this paper will also be able to help the design, placement, and operation of future wave energy converters to improve their efficiency in harvesting wave energy in the GoM.
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1. Introduction


Wave energy harvesting has lagged significantly when compared to other renewable energy. Wind and solar energy, which are currently harvested with commercially mature technologies, initiated their modern development during the 1973 oil crisis as same as wave energy [1,2,3]. Even though wave energy has been studied for more than 40 years, there is no large commercial wave energy harvesting facility in operation in the world [1,2,4,5]. A large number of concepts and designs for wave energy converters (WECs) have been developed and tested, but none of them have been commercially successful. During the testing stage, many WECs have been damaged or destroyed by the ocean harsh environment at different offshore locations [4,6,7,8,9,10]. One of the fundamental problems with wave energy harvesting is the lack of in-depth understanding of wave energy behavior in each particular location. Wave energy behaves differently in diverse geographical locations, and its particular characteristics have a direct effect on the performance of wave energy harvesting equipment. Furthermore, previous studies have indicated that large temporal variability exists for wave energy at many locations, creating a complex scenario in which both high temporal and spatial variabilities must be evaluated and characterized to better understand its harvesting [1,4,8,11,12,13].



Previous studies have evaluated the interrelationship between wind and wave, but the complexity of the interaction among diverse factors impacting this phenomenon continues to require further analysis [14]. Relevant factors include the weather and physical conditions at each location [15]. Enclosed marine locations, such as the Caspian Sea or the Mediterranean are almost dependent on local wind energy transfer [1,16,17]. Large oceanic extensions allow for waves to travel long distances from their originating wind events and increase in power as they move [18]. Improving understanding of the transfer of wind to wave energy is very important to advance the development of the wave energy sector [19]. In some locations, the application of WECs may the geared to extract energy from extreme events [20], while in other sites low energy waves can be targeted [17]. Therefore, to target the placement of adequate wave harvesters in their optimal locations it is critical to understand the transfer of wind to wave energy in each geographical area [21].



The numerous factors involved in wave energy optimal harvesting require advanced analysis tools to match WECs placement and location characteristics. Chakraborty and Majumder developed a new model to assess the utilization potential of WECS on particular sites by applying multi-criteria decision-making to handle the diverse factors integrated into this assessment [22]. Deep learning methods have been applied to identify wave energy hotspots for optimal WEC placement [23] and its correct sizing and configuration [14]. Layout optimization has been studied to assess the development of commercial wave farms and collocated wind and wave farms to maximize energy harvesting [19,24]. All these approaches or their underlying assumptions apply historical meteorological data that has been recorded or modeled [14,25]. Assessing this data, related to wind and wave, is extremely complex due to its very large size and the diverse nature of its components [26,27]. The application of computer animation and the Energy Events Concept is proposed in this manuscript to aid in advancing assessment and optimization wave methods, to improve understanding of wind to wave energy transfer, and to improve validation of methods and results from these approaches.



To evaluate the proposed approach the Gulf of Mexico (GoM) was considered a promising location, considering its advantages for wave energy harvesting. Large population centers are located along its shores, with significant energy requirements for both residential and industrial consumption. Furthermore, the GoM is home to one of the largest concentrations of offshore oil platforms in the world, and great synergies would be achieved if WECs could be connected to these platforms. Previous research has indicated that there is a significant theoretical wave energy resource in the GoM to provide great benefits to the local economy if optimally extracted [28,29,30,31]. In addition, the combination of wave energy with other ocean renewable energy resources at the GoM is very interesting with very large potential and possibility for combining wind energy with wave energy [29,30,31,32,33,34].



Wave energy in the GoM is not uniformly distributed based on geographical or temporal criteria and has high variability with distinct seasonal behavior. However, the underlying reasons for this unique behavior of wave energy in the GoM haves not been discussed and discovered, which increases the challenges of harvesting wave energy in the GoM. Meanwhile, previous research has indicated that wave energy was mainly generated and transferred by wind, but the detailed correlation between wind and wave energy has not been discovered [1,11,35,36,37,38,39]. Although databases containing wave meteorological data are available, it is challenging to analyze them given the big data nature. Traditional analytics methods generate incomplete results that are unable to explain the nature of wave energy potentials and their variation in diverse geographical locations. Geographic animation has been used to analyze other geo-temporal concepts with good results, allowing to evaluate the large body of data efficiently, generating relevant analysis and accurate results.



This study has two main objectives. First, it evaluates the potential to use GIS animation to explore wave energy relevant big data and generate useful wave analysis results. Second, it explores the generation of results related to wave energy creation and behavior in particular geographical areas. It is well known that waves are generated by wind. However, each region has diverse wave energy patterns and underlying reasons are in many cases still undiscovered.



The dynamic visualization method developed in this research helps discover the time duration required for winds of particular speeds to generate quantifiable wave energy. The required duration of particular wind speeds to generate diverse wave energy categories is assessed. Furthermore, the methodology explores the time lag between wind arriving into an area and wave energy generation, potentially providing wave harvesting with a relevant forecasting tool. Energy Events concepts were applied to conduct a detailed analysis of the wave energy behavior at the GoM including the detailed correlation between wind and wave energy. A set of criteria related to the unique behavior of wave energy in the GoM were discovered. The detailed methodologies were described in the following section, while the results demonstrated that the new computer animation and correlation analysis based on Energy Events was able to provide an in-depth understanding of wave energy behavior in the GoM to improve wave energy harvesting and reduce the risk of WEC damage or destruction.




2. Methods


In this paper, data from WaveWatch III were used for calculation, visualization, and analysis.



2.1. Meteorological Data and Studying Area


Hindcast meteorological data between 1979 and 2015 provided by the National Oceanic and Atmospheric Administration (NOAA) WaveWatch III system was used to perform the in-depth analysis of wave energy in the studying area [40]. Six datasets from the WaveWatch III system were used, including significant wave height (Hs), dominant wave period (Tp), wave direction, wind speed on its v and u vector formats, and wind speed resultant vector, which have a spatial resolution of 1/6 longitude by 1/6 latitude and time resolution of every 3 h. The blue rectangle in Figure 1 shows the studying area of this paper, which covers the Gulf of Mexico. The GoM has a semi-open structure with two inlets/outlets: Florida Straits and Straits of Yucatan.



Equations (1) and (2) were used in this paper to assess and characterize wave energy in the studying area. These equations evaluate Wave Power Density (P) expressed in kilowatts per meter of wave crest width (kW/m), indicating the wave power dependence on two variables: Hs as significant wave height (meters) and Te as energy wave period (seconds) [41,42,43]. Wave power density may be also denoted as wave energy flux or wave energy potential [44].


   P =       ρ g   2     64 π     T e   H s 2   



(1)







When considering ρ (seawater density as the standard value in kg/m3) and g (gravity in m/s2) as constants, Equation (1) can be expressed as Equation (2).


   P     (   kW / m   )   = 0     . 49 T   e   H s 2   = 0     . 49 α T   p   H s 2   



(2)







The wave period conversion factor (α) is applied to convert Tp (original wave period data provided by WaveWatch III) to Te. The value of α considered in this paper is 0.9, which has been used by previous studies [11,44,45,46,47,48] and is the equivalent of assuming a standard Joint North Sea Wave Observation Project (JONSWAP) spectrum. Previous research also indicated that the value of α could be 0.86 for a fully developed ocean [11,47] and approaches one as the spectral width decreases [11,47,49,50,51].



However, the nature and size of the data make the analysis and evaluation challenging. For example, one month of significant wave height (Hs) data in the GoM would be represented by a matrix of almost 2.2 million data points, while six meteorological factors over 36 years with additional calculated wave energy related results could lead to almost 7.6 × 108 data points in diverse matrices. To generate the GIS big data animation, the wave meteorological data is analyzed using implied loop computational functionalities through multidimensional matrix applications. For example, the significant wave height (Hs) and the dominant wave period (Tp) data are uploaded as 3D matrices format as indicated as Equations (3)–(6).


  M H s =  [      t H  s 1     …    t H  s k       ]   



(3)






  t H  s 1  =  [      H  s  1 , 1 , 1      ⋯    H  s  i , 1 , 1        ⋮   ⋱   ⋮      H  s  1 , j , 1      ⋯    H  s  i , j , 1        ]  ,   t H  s 2  =  [      H  s  1 , 1 , 2      ⋯    H  s  i , 1 , 2        ⋮   ⋱   ⋮      H  s  1 , j , 2      ⋯    H  s  i , j , 2        ]  … t H  s k  =  [      H  s  1 , 1 , k      ⋯    H  s  i , 1 , k        ⋮   ⋱   ⋮      H  s  1 , j , k      ⋯    H  s  i , j , k        ]   



(4)




where MHs is a 3D matrix containing all significant wave height values for selected locations and time periods. MHs consist of k layers, and each layer is a 2D matrix represented by tHsk, which contains significant wave height values for all selected locations at time period k. And Hsi,j,k is the significant wave height value at longitude i, latitude j, and time period k.


  M T p =  [      t T  p 1     …    t T  p k       ]   



(5)






  t T  p 1  =  [      T  p  1 , 1 , 1      ⋯    T  p  i , 1 , 1        ⋮   ⋱   ⋮      T  p  1 , j , 1      ⋯    T  p  i , j , 1        ]  ,   t T  p 2  =  [      T  p  1 , 1 , 2      ⋯    T  p  i , 1 , 2        ⋮   ⋱   ⋮      T  p  1 , j , 2      ⋯    T  p  i , j , 2        ]  … t T  p z  =  [      T  p  1 , 1 , k      ⋯    T  p  i , 1 , k        ⋮   ⋱   ⋮      T  p  1 , j , k      ⋯    T  p  i , j , k        ]   



(6)




where MTp is a 3D matrix containing all dominant wave period values for selected locations and time periods. MTp also has k layers, and each layer is a 2D matrix represented by tTpk, which contains dominant wave period values for all selected locations at time period k. And Tpi,j,k is the dominant wave period value at longitude i, latitude j, and time period k. Values in the MHs are squared and multiplied by their corresponding dominant wave period value applying implied loops. Finally, values are multiplied by the wave period adjustment factor α and the constant previously indicated in Equation (2). This procedure will evaluate Equation (2) by applying implied loops as expressed in Equation (7), applying Equations (3) and (6). The results will be stored in an independent 3D matrix, with the exact dimensions of both wave height and period, and the data from latitude, longitude, and time will be added to perform the animation similarly to raw data animation was performed.


  P = 0.49 α  (  M T p  )     (  M H s  )   2   



(7)








2.2. Limitation of Static Methods


Challenges exist in analyzing, visualizing, assessing, and characterizing wave energy using static and traditional data analysis methods due to the temporal and spatial nature of the big data under consideration. Temporal, spatial, and categorical attributes of wave energy data are very diverse, creating complex data that are difficult to analyze and visualize. The use of static maps combined with other representations of data and results has been performed by previous studies, generating inconclusive results, not providing the in-depth analysis required for wave energy successful harvesting [37,52,53,54]. Therefore, it becomes necessary to create new methods for the characterization of wave energy to overcome these challenges [55]. Although spatial events have been studied by geographical sciences for a long time with many tools developed to better represent, analyze, and forecast the data, there is no forecasting methodology specifically designed for wave energy harvesting yet [56,57,58]. Furthermore, since wave energy does not behave linearly in relationship with Hs, traditional statistical approaches would only present an incomplete outlook of wave energy behavior without the full spectrum of wave energy variability [59,60,61,62,63]. Performing analysis using traditional statistical methods on data with such a large size may not be feasible for researchers to observe the interactions and causality of all the involved factors [11,37,64,65].



This point is exemplified by an example of attempting to assess wave power density in January 1985 in the GoM through static maps. Figure 2 shows static maps of average and standard deviation (in kW/m) of wave power density in January 1985. The static maps show diverse behaviors for both the mean and standard deviation of wave power density, where the higher value regions of average and standard deviation were different. However, Figure 2 is not able to help identify the causes of this spatial dislocation.



Figure 3 represents the average wave power density of the entire studying area in January 1985 under 3 h temporal resolution, showing three clear peaks in wave power density during the month. However, it gives very little insight into the interpretation of the results presented in Figure 2 and no explanation of the dislocation of both characteristics (mean and standard deviation) either.



Another type of static representation of the wave power density in January 1985 is shown in Figure 4, applying 3D histograms to calculate the daily averages wave power output segmented latitude or longitude. From Figure 4a, it is observed that wave power density has incremental behavior from higher latitudes until it reaches the southern portion of the GoM. In Figure 4b, the three peaks of wave power density during the month show that most of the higher values were on higher longitudes. However, these static graphical results do not fully complement each other and are not able to provide a clear understanding of wave energy behavior in the GoM during January 1985. Furthermore, these static figures are unable to represent the wave energy variability on both temporal and spatial criteria and are unable to help discover the underlying reasons for the unique behavior of wave energy at the GoM.




2.3. GIS Big Data Animation with Energy Events


To fully understand the wave energy behavior at the GoM, a GIS-based dynamic visualization method has been created in MATLAB to visualize and analyze WaveWatch III data with its default spatial resolution. The selected meteorological data provided by WaveWatch III, as needed for each calculation, were read into computer memory using NCTOOLBOX. The data were stored on computer memory on a ncgeodataset variable that might contain four or more cell arrays, depending on the type of data being accessed. For visualizing the raw data, such as wave height and wave period, the toolbox based on the open-source Generic Mapping Tools was used for the manipulation of geographic datasets through the application of the m.map mapping package. Analyzed data were plotted on map projections with coastlines and political boundaries. Color bars in the plotted maps have adjustable ranges to allow for optimal visualization contrast of wave energy in animation. Ranges in Color Bars are visible to allow viewers correct data interpretation. Considering wave energy’s high variability, dependent on changing weather conditions, the Color Bars in the maps were designed for self-adjusting ranges and values. The adjustment allows for the minimization of average deviation for each category while maximizing deviation from the mean of each category to other categories. This provides each map with optimal contrast between the values presented in each figure, which significantly vary between the diverse animation map frames. This approach has been applied by previous research and has been demonstrated to provide good analysis for data matrix with relatively big differences in included values [20,66,67,68,69]. The contrast provided by the varying Color Bar and its ranges allows for improve geospatial analysis and gaining a better understanding of waves’ spatiotemporal behavior and variability. The main purpose of the presented frame of maps animation is to provide contrast on wave and wind behavior in particular geographical locations. Comparison and analysis between the maps and their animations should always consider that the scale and the ranges of the Color Bars in the figure legends change according to wave energy values presented in each particular fame.



In a static state, each layer of a map would only show one three-hour period at a time. The GUI was able to achieve dynamic visualization through the representation of successive sequential layers of data on the same screen through the animation function in MATLAB, which was used to better understand wave energy behavior and its underlying reasons.



Figure 5 and Figure 6 show selected frames from the animation of January 1985 data created by the GUI. Although Figure 2 shows central GoM had the highest average wave power density in January 1985, Figure 5 indicates that other regions in the GoM also had very high wave energy in the same month, which was not presented by Figure 2 or Figure 3 due to the nonlinear behavior of wave energy in the GoM. Through exploratory and explanatory analysis of the animation of January 1985, the authors also observed that wave energy in the GoM moved in a predominantly southeastern direction with some variability to the south in January 1985, causing the northern central area of the GoM to have the highest average due to the passing through of most wave energy. However, the wave energy that reached the south portion of the GoM has the highest levels, which is the major reason causing this area to have the largest variability due to less frequent but very powerful wave energy appearance. Figure 6 shows one of these observations in January 1985 as an example to explain the wave energy behavior in January 1985.



It is important to highlight that computer animation to improve scientific research has been studied for more than 30 years, but there is no computer animation application for analyzing wave energy. One of the most important characteristics of computer animation is the capability to show researchers new relationships and patterns within the body of data, which would be very difficult to reveal using traditional methodologies. By watching the animation-based dynamic visualization of these selected meteorological data and calculated results related to wave and wind energy at the same time, the authors were able to discover preliminary underlying patterns among different factors related to wave energy behavior. Without the animation, it will be extremely difficult and time-consuming to identify those preliminary patterns. Those preliminary patterns discovered were analyzed and validated through detailed exploratory data analysis later by applying the Energy Events and Breaks concept.



After identifying preliminary patterns of wave energy behavior with the computer animation, Energy Events and Breaks concepts were used to conduct further wave energy analysis [29]. Energy Event (EE) is defined as a period of time in which a type of energy in a predefined geographical region is above a certain threshold. Meanwhile, the period of time in which the given type of energy in a predefined geographical region is below a certain threshold is named Breaks. The identification of Energy Events requires the selection of a threshold, partially adapting the peak-over-threshold methodology, to mark the beginning and the end of the Energy Event over a predetermined area. Its duration is determined by the time when power is above a predetermined threshold and is reported in the results of this paper. In this paper, the wave Energy Events and Breaks were identified using kW/m as the threshold unit. Wind speed (m/s) was selected as the threshold when identifying wind Energy Events and Breaks because theoretical wind energy potential is directly related to wind speed. After defining threshold values, calendars of wave and wind Energy Events and Breaks were created indicating the date and hour when each Energy Event started and finished. Other parameters of Energy Events could be integrated into the analysis, such as average, dispersion, layer distribution, geographical distribution, velocity, direction, shape, etc. Energy Event and Break concepts identify the selected region with at least two distinctive states in the spatial and time continuum related to wave energy. Studying different factors in both Energy Events and Breaks allowed a better understanding of the characterization of the wave energy resource in the GoM and its underlying reasons for improving wave energy harvesting.



Previous research shows that the cycle of creation, transport, and disappearance of wave energy is well constrained by geographical and temporal frames at the GoM [28,29,33]. Other larger oceanic areas, such as the Pacific and Atlantic, have much more complex wave energy cycles, traveling longer distances and forming diverse swells with divergent characteristics and directions. The GoM has two very well-defined wave energy states with repetitive, similar cycles on the creation, transport, and disappearance of wave energy. Analysis based on the Energy Events and Breaks concepts could make it feasible to conduct a detailed analysis of the underlying reasons for the unique behavior of wave energy, which may be directly used to help WEC operators to increase the success of these future commercial endeavors [1,11,30,34,37].





3. Results


Wave energy patterns in the GoM were assessed and characterized by applying big data GIS animation. The exploratory and explanatory analysis of the animation for the 36 years under study allowed us to determine preliminary patterns of wave energy behavior in the GoM. This includes (1) wave energy in the GoM has well defined high and low levels, (2) high level wave energy seems to be dependent on the local wind in the GoM region, while there was no strong correlation between low level wave energy with local wind, and (3) the wind and wave energy in the GoM were not always directly correlated. There seems to be some delay in the occurrence between wind and wave energy. However, the detailed patterns and underlying reasons for these preliminary patterns were not determined by only analyzing the computer animation. Analyses based on Energy Events and Breaks concepts were conducted to examine these preliminary patterns and reveal the underlying reasons.



3.1. Qualitative Analysis of High Levels of Wave Energy Behavior in the GoM


Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 show sequential frames from the data animation in January 2006 to determine the changes in wind speed and wave power density. These sequential frames were used to validate the observation that high level wave energy in the GoM was mainly generated by the local winds. The wave energy patterns and characterizations described in this research were observed repeatedly during the 36 years under consideration. However, it is not possible to report all of them due to space limitations. GIS big data animation provides an effective tool to assess and evaluate big data of geo-temporal nature without requiring extensive reporting and outputs. Results shown in this research were chosen as good examples of repeated patterns observed during the study period and for the presented results. Results and discussion on wave energy behavior and its corresponding wind causality are reported for the 36 years under study.



The figures show the pattern that local wind from onshore (northwest) traveled to the southeast, and generated high wave energy in the GoM. Wave EEs were used to represent the high level wave energy. Figure 7a-1,a-2 at 18:00 h on 13 January 2006 shows that wind entered from the northwest corner of the GoM while limited wave power density (less than 8 kW/m) was available at that location. Three hours later, Figure 7b-1,b-2 shows increases in wind speed without increases in wave power density in the same region. Figure 7c-1,c-2 shows a small increment (about 4 kW/m increase than three hours ago) for wave power density six hours after observing the initial wind coming from the northwest, while the wind increased its impacted region towards the east.



Figure 8(a-1,a-2) shows a well-defined wave EE (yellow ribbon) formed with a high wave power density level (over 20 kW/m) after nine hours of the initial appearance of wind. Figure 8(b-1,b-2) indicates that wind extended to the southeast of the GoM while the wave EE continued to grow in size and intensity. Figure 8(c-1,c-2) indicates that the wave EE traveled towards the southeast with its power density increased closed to 35 kW/m while the wind was dispersing from the original northwest location.



In the following nine-hour period as shown in Figure 9, it indicates that the wave EE continued to behave as a time difference synchronous event from wind speed. However, the wave EE seemed to travel in a preset direction and keep increasing its power density (over 70 kW/m) that were a little bit different from the wind speed’s changing pattern in travel direction and intensity.



Figure 10 further supports the observation from Figure 9, which is the wave EE behaved differently with wind speed’s changing pattern. When wind dissipated from the area and started exiting through the eastern section of the GoM, the wave EE continued to strengthen (up to 90 kW/m) until reaching the Florida coast where it expanded its influence area and slightly decreased its maximum power density.



The observation from Figure 9 and Figure 10 is important. It indicates that the initial characteristics of the winds that originated a specific wave EE are the main factors affecting the characteristics and movement direction of the specific Wave EE in the GoM. This correlation between wind and wave energy behavior in the GoM, which was observed many times in the rest of the animations of the 36 years of data, can help create good predictability of the wave energy behavior in the GoM. Figure 11 shows that the wave EE started disappearing by leaving the GoM through Florida Straits and Straits of Yucatan at the end when its maximum power density dropped around 35 kW/m.



Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 show one of many wave EEs observed in the animation of January 2006 data. Similar observations were found in the animation of the entire 36 years of data. Analyzing the cycle of creation, evolution, and disappearance of wave EEs in the GoM with the new animation indicated a strong correlation between the initial characteristics of the causal northern wind systems and the wave EE behavior. The animation greatly aided in the identification of these patterns. Considering that each map represents a large volume of data, it would be difficult to use static or traditional methodologies to assess and characterize the wave EE behavior.




3.2. Quantitative Analysis of High Levels of Wave Energy Behavior in the GoM


As identified through the animation, most of the wave EEs in the GoM were generated by the northern wind from inland. However, the qualitative analysis of wind and wave interaction in the GoM needs to be expanded with quantitative analysis. This can reveal the exact correlation between the wind characteristics (speed and duration) and wave EEs. The time delay and other correlations between the wind and wave EEs will be characterized to develop a forecasting framework for wave energy behavior in the GoM, improving the design and operation of WECs. Categorizing wind speed to correlate with the wave EEs generated by the same wind was implemented to perform quantitative analysis. The Energy Events concept was applied to the wind in this research. A wind Energy Event was defined and identified as the wind resource in a predefined region that was over a given threshold (m/s). Five different threshold levels were applied to identify the number of wind EEs that generated wave EEs, including 12 m/s to 16 m/s in increments of 1 m/s. Lower thresholds were not considered for wind EEs because they did not generate wave EEs in the GoM area. Calendars were created for all wind EEs in the 36 years, including the starting and finishing timelines of all wind EEs under each threshold. Wind EEs’ calendar was correlated with wave EEs’ calendar under different thresholds, overlaps in locations, time periods, and direction patterns were identified and further analyzed. The analysis results are shown in Table 1 and Table 2.



Quantitative analysis of the phenomena described in Section 3.1 involves the discovery of the strength and duration of Wind Events to generate Wave Energy Events. Furthermore, the lag between the entrance of wind into the region and the initiation of wave energy is quantitatively evaluated to provide a wave energy forecasting tool. This research discovered that although wave energy is generated by wind, not all wind can produce waves. Only winds of certain strength and duration can generate wave energy. Table 1 indicates that wave EEs with low thresholds (25 and 35 kW/m) were more frequently generated by wind EEs on low thresholds (12 and 13 m/s), where 12 m/s and 13 m/s wind EEs produced more than 1000 wave EEs under 25 kW/m and 35 kW/m thresholds during 36 years. Meanwhile, the wind EEs under different thresholds (both low and high) generated similar numbers of wave EEs with high thresholds (55 to 100 kW/m). Quantitative analysis was further implemented to ascertain the reasons for low thresholds wind EEs generating more low thresholds wave EEs while high wind EEs generate similar numbers of wave EEs across all categories. Based on Figure 12, there were more low thresholds wind EEs in the GoM compared to high thresholds wind EEs, which means low thresholds wind EEs could produce more low thresholds wave EEs as highlighted by Table 1. As previously indicated, it is generally known that waves are generated from wind. However, this research indicates that not all wind generates harvestable wave energy. There was only a small portion of wind that generated harvestable wave energy, as indicated in Table 2. The wind characteristics, strength, and duration are critical in generating specific wave EEs.



A significant finding from this research is that wave EEs were not generated instantly by wind EEs, as highlighted in Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. There is a significant time lag between wind entrance to the area and wave generation. Furthermore, Wind EE requires specific durations to generate a wave EE. Table 3 shows the mean and the standard deviation (Std) of the duration of wind EEs under different months and thresholds. It shows a high variability under different months and thresholds, which indicates that the duration of wind EEs could be a factor in determining the transfer of energy from wind to wave to generate a wave EE in the GoM.



Wind EEs need to reach a certain duration to generate wave EEs. The generation of high thresholds wave EEs may not only be related to the threshold level of wind EEs but also be related to the duration of wind EEs. Therefore, the average time needed for a certain wind EE to produce a wave EE was calculated for each threshold as shown in Table 4. A low 12 m/s wind EEs requires on average more than 38 h to generate a 100 kW/m wave EEs while it only requires 13 h to generate a 23 kW/m wave EEs. On the other hand, a high 16 m/s wind EEs can generate a 25 kW/m wave EEs on average in only 3.4 h and in only 15 h to generate a 100 kW/m wave EEs, which is less than 40% of which it took for the lowest wind level. These quantitative results provide a forecasting tool for wave energy. Having an input value the wind speeds can predict the energy profile of wave EEs that will be generated in the GoM. Table 4 forecast that as wind EEs increase their intensity they can generate more powerful wave EEs faster. On the other hand, for wind EEs longer duration is required to generate more powerful wave EEs. An increase of the wind EEs level from 12 m/s to 13 m/s decreases the time to generate a 25 kW/m wave EE by 38% compared to generating a 100 kW/m wave EE. The line chart provided in Figure 13 generates a better understanding of the relationship between the strength and duration of wind and its transfer to wave energy, identifying them as relevant factors related to the generation of wave EEs in the GoM.



Since both duration and strength of wind EEs were considered as factors of the generation of wave EEs, a frequency analysis on both factors was performed for all possible combinations to further understand the cycle of wave EEs’ creation. Figure 14a shows the number of wave EEs generated by 12 m/s wind EEs and the corresponding required duration of wind EEs. Since the profile curves of 25 kW/m and 35 kW/m wave EEs are skewed, it means that a shorter duration of 12 m/s wind EEs was able to produce 25 kW/m and 35 kW/m wave EEs. Meanwhile, the profile curves of high thresholds wave EEs in Figure 14a show high dispersion on required duration and less number of wave EEs, which indicates the duration needed for power transfer from the wind to wave on high thresholds was not uniform. Figure 14b shows the same information of 13 m/s wind EEs. The profile curves in Figure 14b increased its skewness to the right, which means reduced time and dispersion on the required duration for a 13 m/s wind EE to produce a wave EE compared to a 12 m/s wind EE.



When the thresholds of wind EEs increase to 14 m/s and 15 m/s (as shown in Figure 15), the profile curves increase their skewness to the right, which indicates the required duration and corresponding dispersion were reduced. For high thresholds wave EEs, the skewness increasing to the right indicates a better-defined behavior and a reduced average power transfer time from wind to wave. The results provided by these analyses are important to help WEC design by providing insight into the evaluation of the frequency and characteristics of wave EEs. Regions with more frequent energetic waves would require resilient WECs capable of energy extraction under those conditions. On the other hand, areas with reduced wave strength and frequency would be suitable for more sensitive and less resilient WECs, which in turn are less expensive. Therefore, the characteristics of the wave resource (wave EEs and Breaks) should drive the design characteristics and operation parameters of the WECs. Understanding how energy is transferred from wind to wave in the GoM will aid in the development of criteria required for the proper design and operation of WECs.



Figure 16 indicates that the required duration from wind to wave is significantly reduced for all wave EE categories when considering the highest wind EE threshold (16 m/s). The skewness and dispersion of the curves are similar to Figure 15, with only the 100 kW/m category showing increased dispersion. The main difference among all wave EE categories is that the number of wave EEs reduces as the threshold increases.




3.3. Low Levels Wave Energy in the GoM


Wave energy behavior in the GoM is unique with a distinctive two-state system with high and low levels of energy performance. During the low level periods (called Breaks), there still exists harvestable wave energy if adequately understood and forecasted. Breaks are time periods when the wave power density is less than the given threshold in a predefined region. To analyze the source of wave energy during the Breaks, the animation was used to observe its preliminary behavior patterns and underlying reasons, especially during the time periods when no wave EEs existed in the GoM. Two main sources of wave energy were discovered during the Breaks, which were related to power transferring from the Caribbean Ocean through the Straits of Yucatan and from the Atlantic Ocean through the Florida Straits (as identified in Figure 1).



A set of selected sequential frames from the animation is presented in Figure 17 and Figure 18. Figure 17 shows a swell from the Caribbean Ocean extended into the GoM through the Straits of Yucatan creating wave energy over the growing area through a combination of increasing significant wave height (Hs) and dominant wave period (Tp). This event started from hour 24:00 on 3 June 2000. The continuous temporal expansion of wave energy created by a swell entering the GoM through the Straits of Yucatan is shown in Figure 18. In both figures, the wave power density level was relatively low (less than 20 kW/m), which represents the Breaks periods.



A different scenario of wave power density changing in the GoM during the Breaks periods is presented in Figure 19 and Figure 20 through a set of selected animation frames from the January 2006 animation. This scenario started from hour 6:00 of 22 January 2006, in which the wave energy in the GoM was created by swells from the Straits of Yucatan and the Florida Straits. Both swells entered the GoM through narrow pathways and combined inside the GoM to create wave energy. The wave power density level is less than 35 kW/m, which means it happened during Breaks periods.



Figure 21 and Figure 22 show the number of months over 36 years without wind EEs and wave EEs above certain thresholds in the GoM. Figure 21 indicates that the absence of wind EEs was rare for low thresholds throughout the year while the absence of wind EEs for high thresholds increased from May to September. Weak wind EEs correlate with seasonal low summer wave power density levels in the GoM found in previous research [28,29,32]. Figure 22 shows the number of months without wave EEs above certain thresholds over 36 years. By comparing it with Figure 21, a strong correlation between wind EEs and wave EEs in the GoM was observed. From April to September, the absence of high thresholds wave EEs increased when there was fewer wind EEs. Both scenarios presented in Figure 17, Figure 18, Figure 19 and Figure 20 are part of many other similar scenarios observed in the completed animation of 36 years of data, which helped explain how wave energy was generated and presented in the GoM during the Breaks periods. Instead of local winds from inland, the wave energy in the GoM during Breaks was mainly generated by swells entering the GoM from the two narrow pathways, the Straits of Yucatan and the Florida Straits.





4. Conclusions


Using dynamic visualization based on computer animation and Energy Events concept, this paper investigated the detailed correlation between wind and wave energy and the underlying reasons for the unique behavior of wave energy in the GoM. During the wave EEs periods (high level wave energy), most of the wave energy in the GoM was generated through power transfer from the wind with increased wind speed due to local northern weather patterns in the GoM. The detailed correlation between wave energy behavior and strength and duration of wind was revealed. The wave energy behavior during wave EEs periods is mainly decided by the initial characteristics (speed, direction, duration) of the wind that originates the wave energy. During the Breaks periods, when there was no wave EE presented in the GoM, the wave energy in the GoM was mainly generated by the swells coming from the Caribbean and the Atlantic oceans, which entered the GoM through the two narrow pathways, the Straits of Yucatan and the Florida Straits. The discovery of different methods of wave energy generated in the GoM allowed a better understanding of the overall wave energy behavior in the region.



The new computer animation allowed the evaluation and discovery of new wave energy behavior patterns and their underlying reasons. Through exploratory and explanatory analysis of the animation, it enabled the authors to acquire a global perspective on wave energy behavior over large temporal and spatial criteria, and the possible interactions with other ocean resources. It was much easier and faster to identify some preliminary patterns, which were then analyzed in detail using Energy Events and Breaks concept. The combination of computer animation with other statistical and graphical rendering methods was a powerful synergetic tool for the advancement of knowledge on wave energy behavior. This synergetic tool could potentially be implemented to analyze other geographical areas with both similar and different behaviors. The study areas in this paper will be expanded to cover the Caribbean and the Atlantic oceans; so that the generation and transfer of swells entering the GoM can be tracked and analyzed together with meteorological data in the GoM to discover more detailed correlations and underlying reasons for wave energy behavior in the GoM during the Breaks periods.



The correlations and underlying reasons discovered in this paper related to wave energy behavior in the GoM will help in the design, placement, and operation of future WECs to improve their efficiency in harvesting wave energy. The discovered causality and prediction factors can be used to create a forecasting methodology specifically designed to predict wave EEs in the GoM. The forecasting method would provide new and important insights and ideas for wave energy harvesting, such as configuration-changing WECs to adapt the devices based on incoming waves to extract more wave energy. It should be noted that the meteorological data used in this paper has a spatial resolution of 1/6 longitude by 1/6 latitude (about 20 km by 20 km). Finer spatial resolution may be needed to conduct a detailed assessment and characterization of wave energy in the GoM or selected regions in the GoM for WEC design, placement, and operation purposes. The synergetic tool used in this paper will be easily used to conduct a detailed analysis if finer resolution data is available. In future research, the underlying factors of wave energy such as wave height, period, and directions will be evaluated, applying the GIS animation developed in this research. This may provide additional insights into wave energy performance in the GoM and its underlying characteristics.
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Figure 1. Studying Area in this study. 
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Figure 2. Static map of wave power density in January 1985 with a unit of kW/m: (a) average and (b) standard deviation. 
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Figure 3. The average wave power density of the GoM area in January 1985. 
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Figure 4. Three-dimensional histograms of daily average wave power density in January 1985 segmented by (a) latitude and (b) longitude. 
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Figure 5. Selected frames from the animation of January 1985 indicating high wave energy in different regions at the GoM: (a) hour 18:00 of day 3, (b) hour 12:00 of day 13, and (c) hour 6:00 of day 14. 
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Figure 6. Selected frames from the animation of January 1985 indicating a wave Energy Event traveling from north to south: (a) hour 21:00 of day 20, (b) hour 9:00 of day 21, and (c) hour 3:00 of day 22. 
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Figure 7. Sequential frames from January 2006 animation to show the changes in wind speed and wave power density on 13 January 2006: (a-1,a-2) 18:00, (b-1,b-2) 21:00, and (c-1,c-2) 24:00, where the first row shows wind speed and the second row shows row wave power density. 






Figure 7. Sequential frames from January 2006 animation to show the changes in wind speed and wave power density on 13 January 2006: (a-1,a-2) 18:00, (b-1,b-2) 21:00, and (c-1,c-2) 24:00, where the first row shows wind speed and the second row shows row wave power density.



[image: Sustainability 14 04687 g007]







[image: Sustainability 14 04687 g008 550] 





Figure 8. Sequential frames from January 2006 animation to show the changes in wind speed and wave power density on 14 January 2006: (a-1,a-2) 3:00, (b-1,b-2) 6:00, and (c-1,c-2) 9:00, where the first row shows wind speed and the second row shows row wave power density. 
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Figure 9. Sequential frames from January 2006 animation to show the changes in wind speed and wave power density on 14 January 2006: (a-1,a-2) 12:00, (b-1,b-2) 15:00, and (c-1,c-2) 18:00, where the first row shows wind speed and the second row shows row wave power density. 
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Figure 10. Sequential frames from January 2006 animation to show the changes in wind speed and wave power density on 14 and 15 January 2006: (a-1,a-2) 21:00, (b-1,b-2) 24:00, and (c-1,c-2) 3:00, where the first row shows wind speed and the second row shows row wave power density. 
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Figure 11. Sequential frames from January 2006 animation to show the changes in wind speed and wave power density on 15 January 2006: (a-1,a-2) 15:00, (b-1,b-2) 18:00, and (c-1,c-2) 21:00, where the first row shows wind speed and the second row shows row wave power density. 
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Figure 12. Number of wind EEs per month over 36 years. 
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Figure 13. Duration required for wind EE to produce a wave EE. 
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Figure 14. Three-dimensional histogram on the required number of wave EEs generated by a wind EE and its required duration over 36 years in the GoM: (a) 12 m/s wind EE, and (b) 13 m/s wind EE. 






Figure 14. Three-dimensional histogram on the required number of wave EEs generated by a wind EE and its required duration over 36 years in the GoM: (a) 12 m/s wind EE, and (b) 13 m/s wind EE.



[image: Sustainability 14 04687 g014]







[image: Sustainability 14 04687 g015 550] 





Figure 15. Three-dimensional histogram on the required number of wave EEs generated by a wind EE and its required duration over 36 years in the GoM: (a) 14 m/s wind EE and (b) 15 m/s wind EE. 






Figure 15. Three-dimensional histogram on the required number of wave EEs generated by a wind EE and its required duration over 36 years in the GoM: (a) 14 m/s wind EE and (b) 15 m/s wind EE.
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Figure 16. Three-dimensional histogram on the required number of wave EEs generated by a 16 m/s wind EE and its required duration over 36 years in the GoM. 
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Figure 17. Sequential frames from June 2000 animation to show the changes in wave period, wave height, and wave power density on 3 and 4 June 2006: (a-1,a-2,a-3) 24:00 on June 3, (b-1,b-2,b-3) 3:00 on 4 June, and (c-1,c-2,c-3) 6:00 on 4 June, where three rows show wind height, wind period and wave power density, respectively. 






Figure 17. Sequential frames from June 2000 animation to show the changes in wave period, wave height, and wave power density on 3 and 4 June 2006: (a-1,a-2,a-3) 24:00 on June 3, (b-1,b-2,b-3) 3:00 on 4 June, and (c-1,c-2,c-3) 6:00 on 4 June, where three rows show wind height, wind period and wave power density, respectively.
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Figure 18. Sequential frames from June 2000 animation to show the changes in wave period, wave height, and wave power density on 4 June 2006: (a-1,a-2,a-3) 9:00, (b-1,b-2,b-3) 12:00, and (c-1,c-2,c-3) 15:00, where three rows show wind height, wind period and wave power density, respectively. 






Figure 18. Sequential frames from June 2000 animation to show the changes in wave period, wave height, and wave power density on 4 June 2006: (a-1,a-2,a-3) 9:00, (b-1,b-2,b-3) 12:00, and (c-1,c-2,c-3) 15:00, where three rows show wind height, wind period and wave power density, respectively.
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Figure 19. Sequential frames from January 2006 animation to show the changes in wave period, wave height, and wave power density on 22 January 2006: (a-1,a-2,a-3) 6:00, (b-1,b-2,b-3) 9:00, and (c-1,c-2,c-3) 12:00, where three rows show wind height, wind period and wave power density, respectively. 






Figure 19. Sequential frames from January 2006 animation to show the changes in wave period, wave height, and wave power density on 22 January 2006: (a-1,a-2,a-3) 6:00, (b-1,b-2,b-3) 9:00, and (c-1,c-2,c-3) 12:00, where three rows show wind height, wind period and wave power density, respectively.
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Figure 20. Sequential frames from January 2006 animation to show the changes in wave period, wave height, and wave power density on 22 January 2006: (a-1,a-2,a-3) 15:00, (b-1,b-2,b-3) 18:00, and (c-1,c-2,c-3) 21:00, where three rows show wind height, wind period and wave power density, respectively. 






Figure 20. Sequential frames from January 2006 animation to show the changes in wave period, wave height, and wave power density on 22 January 2006: (a-1,a-2,a-3) 15:00, (b-1,b-2,b-3) 18:00, and (c-1,c-2,c-3) 21:00, where three rows show wind height, wind period and wave power density, respectively.



[image: Sustainability 14 04687 g020]







[image: Sustainability 14 04687 g021 550] 





Figure 21. The number of months without wind EEs above certain thresholds in the period 1979–2014. 
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Figure 22. The number of months without Wave EEs above certain thresholds in the period 1979–2014. 
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Table 1. Number of wave EEs produced by wind EEs under different threshold levels in the GoM over 36 years.
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Wind (m/s)

	
Wave Energy Events (kW/m)




	
25

	
35

	
55

	
75

	
100






	
12

	
1430

	
1127

	
690

	
440

	
276




	
13

	
1209

	
1156

	
733

	
473

	
294




	
14

	
815

	
949

	
736

	
483

	
305




	
15

	
503

	
685

	
659

	
480

	
308




	
16

	
304

	
461

	
540

	
440

	
299
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Table 2. Percentage of wind EEs that generated wave EEs under different thresholds.






Table 2. Percentage of wind EEs that generated wave EEs under different thresholds.





	
Wind (m/s)

	
Wave Energy Events (kW/m)




	
25

	
35

	
55

	
75

	
100






	
12

	
23%

	
18%

	
11%

	
7%

	
4%




	
13

	
25%

	
24%

	
15%

	
10%

	
6%




	
14

	
22%

	
26%

	
20%

	
13%

	
8%




	
15

	
18%

	
24%

	
24%

	
17%

	
11%




	
16

	
14%

	
21%

	
24%

	
20%

	
13%
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Table 3. Mean and Standard Deviation (Std) of wind EEs under different months and thresholds.
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Wind (m/s)

	
Data Type

	
Duration of Wind EE (h)




	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May

	
Jun.

	
Jul.

	
Aug.

	
Sep.

	
Oct.

	
Nov.

	
Dec.






	
12

	
Mean

	
23

	
21

	
19

	
15

	
11

	
11

	
9

	
13

	
22

	
21

	
24

	
23




	
Std

	
27

	
26

	
26

	
19

	
14

	
20

	
18

	
22

	
32

	
34

	
32

	
27




	
13

	
Mean

	
18

	
17

	
15

	
11

	
9

	
11

	
11

	
15

	
20

	
19

	
19

	
18




	
Std

	
22

	
19

	
19

	
13

	
11

	
19

	
20

	
23

	
30

	
31

	
25

	
21




	
14

	
Mean

	
17

	
15

	
13

	
9

	
7

	
10

	
10

	
14

	
19

	
17

	
16

	
16




	
Std

	
19

	
17

	
16

	
10

	
9

	
16

	
18

	
23

	
29

	
28

	
21

	
17




	
15

	
Mean

	
14

	
13

	
11

	
8

	
6

	
9

	
9

	
14

	
18

	
17

	
15

	
14




	
Std

	
15

	
15

	
13

	
9

	
8

	
14

	
18

	
24

	
30

	
27

	
18

	
15




	
16

	
Mean

	
11

	
10

	
10

	
7

	
5

	
8

	
8

	
14

	
16

	
15

	
13

	
12




	
Std

	
12

	
13

	
11

	
8

	
7

	
12

	
17

	
24

	
29

	
26

	
15

	
13
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Table 4. Average Time (hours) needed for a wind EE to produce a wave EE under different thresholds in the GoM over 36 years.
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Wind (m/s)

	
Wave Energy Events (kW/m)




	
25

	
35

	
55

	
75

	
100






	
12

	
12.9

	
18.9

	
28.6

	
34.9

	
38.3




	
13

	
8.0

	
12.3

	
20.7

	
26.3

	
30.0




	
14

	
5.7

	
8.4

	
14.3

	
19.8

	
24.1




	
15

	
4.4

	
6.1

	
10.2

	
15.0

	
19.3




	
16

	
3.4

	
4.6

	
7.7

	
11.2

	
15.0
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